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ABSTRACT _ 

A sliding mode controller for a non-isolated DC/DC, bidirectional converter 
is presented and comparative study with PI controller is done along with ISE 
analysis, in order to do performance analysis. The proposed system can be 
utilized in many applications such as electrical vehicle, distributed power 
generation or small grids. Second theorem of Lyapunov is utilized and 
stability of the closed loop system is mathematically proven. The adopted 
control strategy achieves effective output voltage regulation and good 
dynamic stability. Rejection of disturbance is also an inherent characteristic 
of this technique. Furthermore, it is illustrated that the system can 
successfully follow changes of load demand and compensates sudden 
disturbances in operating condition. The design is evaluated and verified 
using Matlab/Simulink. Results of Matlab simulation are provided to show 
the feasibility of the proposed system and effectiveness of control method. 
Simulation results show that this technique can provide a considerable edge 
over control techniques which are presently available (applied) over this 
type of converter. 
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1. INTRODUCTION 

Presently, the transportation sector is mainly dependent on vehicles which use petroleum or fossil 
fuel as an energy source. The rate at which use of fossil fuel is increasing, it will deplete soon [1]. Uses of 
fossil fuel are also proven to be hazardous to the environment and causes sudden climate change. Because of 
the many disadvantages of fossil fuel burning and its non-availability in future, focus of researchers is shifted 
to find newer technologies for transportation. Battery fed electric vehicle is a promising technology in this 
regard. In spite of its high initial cost it is found to be most promising because of its zero carbon emission and 
low cost of operation. 

Battery fed electrical vehicle basically takes power from a set of batteries and runs a motor for its 

operation. A DC/DC converter has to be used to supply power from battery or photovoltaic to load [2], [3] or 
motor of an electrical vehicle [4]. This paper deals with a non-isolated DC/DC bidirectional converter with 

Sliding Mode Control (SMC) for regulated voltage supply. Sliding mode technique is proven to be a good 
control technique for boost DC/DC converter [5], [6], so this paper extends the application of sliding mode 
controller to bidirectional converter. 
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The focus area of this paper is in control of output voltage of non-isolated DC/DC bidirectional 
converter for both transient and steady state condition. Stepping-up and stepping down of voltage can be. 



Figure 1. Block diagram proposed system 


done according to the requirement of voltage. In this paper, state space averaged model of converter is 
represented [7] with mode of operation and sliding mode controller is designed for converter operation. 

Design parameter is discussed so that the minimum required capacity of passive component can be 
selected [8]. The stability is analyzed by Lyapunov’s theorem [9]. PI controller has been implemented to 
compare the result [10]-[16]. Matlab/Simulink platform is used for simulation of the system. Bidirectional 
DC/DC converter can be used for various applications like output voltage control, energy storage system for 
electric vehicle, renewable energy storage system. This converter with sliding mode control can also be used 
to harness energy from regenerative braking of electric vehicle. 

2. DC/DC BIDIRECTIONAL CONVERTER 

The proposed non-isolated converter can alter the output voltage in two modes. Regulation of 
voltage could be achieved in two ways. Firstly, it can increase the voltage by boost mode and secondly, it can 
decrease the magnitude of output voltage by buck mode according to the given reference value set by user. 
Output voltage follows reference value and the circuit topology gave inverted output voltage. In this type of 
converter, boost operation is followed by a buck operation so it has an analogy to buck-boost converter but 
with inverted output voltage. In the converter, the capacitor has been utilized for transfer of energy and same 
capacitor is utilized for serving the purpose of energy storage. Component of this converters is two inductors, 
two capacitors, one diode and one MOSFET which acts as a switch. 

The DC/DC bidirectional converter with non-isolated topology can be used for electrical vehicle due 
its advantages such as: 

a. It can work in a high efficient manner. 

b. As converter topology is non- isolated type it is light in weight with compactness in size. 

c. No coupling inductors are used so electromagnetic interference is quite lower than other topology. 

d. It is able to control the flow of power even if there is variation in input voltage. 

For better efficiency of the converter, losses of passive elements and switching losses should be minimized 

2.1. Circuit Topology 

2.1.1. Mode of Operation 

2.1.1.1. Mode (0 < t < toN) 

Figure 2 shows Circuit topology of DC/DC Bidirectional converter. Figure 3 shows converter circuit 
during ON mode. 


r, r. 



Figure 2. Circuit topology of DC/DC 
Bidirectional converter 
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Figure 3. Converter circuit during ON mode 
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For the time duration “toN” switch (MOSFET) is switched ON at t=0 and the current flowing 
through inductor Lj increases. At the same instant, diode has been reversed biased and turned OFF because of 
voltage stored in capacitor Ci. 

The capacitor has to discharge its energy into the circuit formed by C 2 , L 2 and load. Equations for 
“toN 9 ’ mode 
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2.1.1.2. Mode (toN < t < toFF) 

When switch (MOSFET) is turned OFF at t=t on , the voltage across Li changes its polarity in order to 
maintain its current uninterrupted. Higher potential is offered at anode of diode D , so it becomes forward 
bias. The passive component Ci which is nothing, but the energy transfer capacitor is charged by input source 
Vin and the energy is stored in another passive component Lj. Energy stored in passive element L 2 and the 
energy stored in C 2 is utilized to meet the requirement of load current. The current which flows through the 
inductor Lj decreases linearly during time “toFF 9 ’. Figure 4 shows converter circuit during OFF mode. 
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State Space equation after accomplishing averaging is given by: 


m \ + m m \ 




Figure 4. Converter circuit during OFF mode 


X = Ax + Bu 
Y = Cx 
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2.2. Design Parameter 

The value of two inductor Li and L 2 of proposed converter is calculated as 


Amin _ 
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The value of two capacitor Ci and C 2 of proposed converter is calculated as 
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3. SLIDING MODE CONTROLLER 

Sliding mode control technique is first proposed by UKTIN [17]. This paper presents a sliding mode 
control method to control output voltage of converter. Sliding mode controller is a control solution for non¬ 
linear systems. It features remarkable properties like accuracy and robustness. Sliding mode control method 
is a kind of varying structure control in which alteration of the dynamics of a nonlinear system is achieved by 
applying switching control and this switching is done at high frequency [18]-[22]. In state space current 
position is checked for each instant and switching is done to vary the system structure in state space from one 
continuous structure to another as per requirement. SMC is a control solution which can handle inaccuracies 
of modeling, whether it is in the form of parametric uncertainties or unstructured uncertainties. These 
uncertainties are handled using robust control. Sliding mode control consist of two major parts 

a. Designing of sliding surface 

b. Control law 

3.1. Sliding surface 

The controller is designed to force the system states to reach and remain on the pre-defined surface, 
which should lie in state space. The states are driven by discontinuous control to the sliding surface. When 
the system’s state trajectory is “above” the sliding surface, one gain like ‘-1’ will be there in feedback which 
will turn OFF the switch for very short duration or till it reach to reference surface and if system’s state 
trajectory goes “below”, the surface feedback path will have another gain such as ‘+1’ which will turn ON 
switch till it reaches at reference level [23]. 

Consider a general non-linear system. 
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X(f) = A(xJ}+ 3(xJ)u 
I = Cx 


(13) 


General form of sliding surface is given by 







(14) 


Where, e(t) = X e — X re f e(t) is the error between CV and reference value, Lambda is a constant which is 
positive in magnitude and it is decided by the user, q is called to be relative degree of the system. It can be 
written as 


s{t) = r for realtive degree 1 


(15) 


3.1.1. Lyapunov stability 

Lyapunov approach is used to determine the stability. A differentiable function has to be defined. 
Let V(r) be that function. It should be continuous and should have domain with origin. A function is said to 
be positive if V(0) = 0 and V(r) <0 for r. It is said to be negative definite if V(0) =0 and V(r)>0 for x. System 
is called to be stable when the function is negative definite. 

The stability surface for the converter is defined as 

S - [x\x 4 - k - 0} n6 N 


Variables has to be kept along sliding surface, So, 

x 4 = k, x 4 = 0 

Above equations when applied over equations of state space of converter 
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To prove stability using Lyapunov’s approach, a function which is continuously differentiable has to 
be defined. This function should be positive and definite as well. 

Let V(r) be that function and V(r) is given by 


V(r) = ^(X-X s fpiX-X B ) 


(18) 


Where, k is the vector representation. 

*=Ll X 2 * 3 f 

is the state variable equilibrium given by. 

x e =[x u X 2e x, e ] 
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And p is given by 

p = diag\m l m 2 >0 


To find out the stability of the function, the derivative of V(r) must be negative definite, where, 
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If m 1 =1000 and ra 2 = ra 3 = 1 are selected, Vr for all x ^ x e is negative. Therefore, Vr is negative 
definite function and V(r) is a Lyapunov function. 

3.2. Control law 

The most tedious work is to design switch control for this system because system will be driven to 
sliding surface by it and will be maintained on it as well. Control law (u(t)) has two parts Nominal Control 
C u nom ) an( l Discontinuous Control (u dis ) , Such that 

u ( t ) = u nom+Udis (2D 


The Discontinuous control will bring the state of system on the sliding surface and normal control 
acts as a negative feedback and it works in accordance such that system remains on sliding surface. 

To compute control law take derivative of equation 

l 

+ *<(/)]/ 

Here u is defined as a feedback controller given by 


u = —kx(t) 


( 21 ) 


Where, k is a gain matrix which can be obtained using Pole Placement or Ackerman’s formula. 

s(t) = -Gsign(S(t>) ^ 

Where, G is switching gain 

£i(r) = 55 _1 [-S,1(0 -Gsign(S(f))] 

(23 

From (22) is the Sliding mode control law. Figure 5 shows simulation DC/DC bidirectional 
converter with sliding mode control. 
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Figure 5. Simulation DC/DC bidirectional converter with sliding mode control 

4. SIMULATION RESULT AND DISCUSSION 

The Proposed bidirectional converter is simulated in Matlab R2016a with simulation parameter as 
articulated in Table 1. 

A comparison of response of both techniques has been present for 20 % load variation, for both 
boost and buck operating mode of converter. ISE performance analysis is also performed as shown in 
Table-2 which indicates that SMC is able to handle large errors as ISE value for SMC is low for both buck 
and boost mode. Figure 6 shows comparison of response of SMC and PI during normal operating condition. 


Parameter 

Value 

Sr. No. 

Mode of operation 

SMC 

PI 

Input Voltage (Vin) 

75V 

1 

Boost Mode 

0.000127 

1.005 

Inductor 

-L'2 

450 pH 

2 

Buck Mode 

1.394e-0.5 

0.07161 

1.2 mH 





£ 

Capacitor 

V 2 

350 pF 

100 pF 






A comparison of response of both systems has been shown for both buck and boost mode of 
operation of the converter and ISE analysis is also performed. Table 3 shows the result of ISE analysis. Value 
of ISE analysis shows that SMC technique is good at handling large error as compare to PI controller. Here 
ISE value of SMC is much lower than PI controller for both buck and boost mode, so we can suggest that 
SMC is a much better technique than PI. Figure 6 shows a comparison of the response of SMC and PI for 
normal operating condition. 

Figure 7 and Figure 8 represent a comparison of responses of PI and SMC controlled DC/DC 
bidirectional converter when load is varied from 20 % of normal operating condition. Here in both graphs we 
can observe that PI controlled converter shows high oscillating while SMC controlled converter shows 
smooth response and also from ISE analysis, we can say that SMC is capable of handling large error. Table 3 
ISE Analysis for Load Variation of 20 percent. 

Figure 9 and Figure 10 Shows response of PI and SMC controlled converter when 20% parametric 
variation is present in converter design parameter and from the results we can say that SMC is capable of 
handling these kinds of uncertainties. ISE analysis shows that even under this variation SMC is able to handle 
large errors as compare to the PI controller with efficiency. 




Figure 6. Comparison of response of SMC and PI 
during normal operating condition 


Figure 7. Comparison of response when the 
converter is operating in boost mode and under 20 % 
load variation 
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Figure 8. Comparison of response when the 
converter is operating in buck mode and under 
20 % load variation 


Figure 9. Comparison of response when the converter is 
operating in boost mode and under 20 % 
parametric variations 



Figure 10. Comparison of response when the converter is operating in buck mode and under 20 % 

parametric variations 


Ta ble 3. ISE analysis for load variation of 20 perc ent 


Sr. No. 

Mode of operation 

SMC 

PI 

1 

Boost Mode 

4.184e-07 

1.06 

2 

Buck Mode 

1.328e-05 

0.01613 


5. CONCLUSION 

In this research paper, we analyzed the performances of DC/DC Bidirectional converter with two 
control technique SMC and PI. For performance analysis three cases are considered and those cases are 
normal operating condition, load variation and parameter variation. For all three cases converter is operated 
in two operating mode buck mode and boost mode and after analyzing all conditions, it can be inferred that 
SMC is a very robust technique and provides efficient control during normal operating condition and it is 
able to handle large error. As far as transient condition is concerned PI controller gives oscillating response, 
whereas SMC output does not show oscillating response which is a good feature of SMC technique but it also 
shows chattering phenomenon during a transient situation. Other than chattering SMC gives very smooth 
response and better response, stabilization than PI controller. In this paper ISE analysis is also performed to 
check error handling capacity and from results, it can be concluded that SMC gives very low ISE value then 
PI for all conditions and both operating mode (i.e. buck mode and boost mode) and hence are able to handle 
uncertainties as compare to PI controller for all three operating conditions and both buck and boost operating 
mode. Also conclude that SMC is able to work for a wide range of input and load variation as compare to PI. 
However, elimination of chattering and practical implication is required. 
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